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An advanced strategy for the optimal design and realization of a GaAs/AlGaAs quantum-cascade
laser is presented. It relies on recently established inverse scattering techniques to design an optimal
smooth active region profile, followed by a conversion to an almost equivalent digitally graded
structure, comprising just two different alloy compositions. In order to compare the output
characteristics of optimized and previously realized structures, the intersubband electron scattering
transport in quantum cascade lasers is analyzed. A full self-consistent rate equation model which
includes all relevant electron-longitudinal optical phonon and electron—electron scattering
mechanisms between injector/collector, active region, and continuumlike states is employed. Whilst
the gain coefficients and threshold currents calculated at 77 and 300 K for the structure with a
standard triple quantum well active region show excellent agreement with recent experiments, a
significant improvement of these parameters is predicted for the optimized digitally graded
guantum-cascade laser. 8002 American Institute of Physic§DOI: 10.1063/1.1508166

Following the first realization of intersubband transitionstion. It relies on recently established techniques for generat-
quantum-cascade lasefQCL9)! significant progress has ing an optimal smooth quantum well profile by inverse spec-
been made in the INnGaAs/AlGaAs systéthMore recently  tral theory???* In the three-level QCL model with assumed
GaAs/AlGaAs QCLs have also been demonstragedl con-  unity-injection efficiency’* we define the figure of merit:
siderable research eff6ff has resulted in the room- = =(1— 7e4/Tog) TeZ55, Which depends directly on the active
temperature pulsed-mode operation of a GaAsj&ba, s5AS region profile, and is proportional to the modal gain. In our
QCL with triple quantum wel(TQW)*° and superlatticé ~ full 15-level model, the subscripts 9, 6, and 4 denote the
active region. The GaAs/AlGaAs system may also play a4Pper, lower, and ground laser levels in the active region,
crucial role in lasing in the far-infrared rang&: '8 respectively(Fig. 1), zgg is the optical dipole matrix element,

Generally, the main task in the design of a QCL is to7ij @re the scattering times, and the upper laser level life-
maximize the gain, by designing a suitable potential profilime. The maximization of gain, i.e., of the facta may be

with the desired energy spectrum and wave functions, whicRccomplished by varyigsg the profile of the active region in
determine the transition dipole momésitand transiion 2N isospectral mann&**which affects only the wave func-

rates, and eventually the gain. The charge transport in QCLgons and not the state spacing. The procedure starts with an

is mainly due to incoherent-scattering mechanidfrand all arbitrary initial potential and generates a family of potentials,
principal scattering mechanisms, i.e., electron-longitudinaYvhICh all have the required state spacings, their shape being

optical (LO) phonon and electron—electron, have to becontrolled by a few parameters. In this case, we chose
included?®?! Because of the QCL complexity, the task of ABge=132 meV Q=~9.3 um), AEq=36 meV (the LO

o ; . ; . phonon energy and assumed a “typical” value of the elec-
optimizing the whole structure in a single step is too m-p 9 P

lved. Instead timize th " . tric field in a mid-infrared QCL ofF =48 kV/cm, i.e., the
voved. insiead, one can optimize e acive region Sep""éorresponding linear potential is subtracted from the full po-

rately and, in the next step, add a properly designed injeCtOli/ential in order to obtain the part to be realized by composi-

collector. ) , tion grading. The optimal active region profile withyg
In contrast to the “anticrossed-diagonal” scheme of the_, ", andE =690 ps & is shown in the inset of Fig. 1.

. . -9 . .
TQW QCL active regio™ in this letter, we propose an A route toward an approximate realization of the optimal
advanced strategy for the QCL optimal design and realizagmqoth potential is via digital gradingG), using just two
different alloy compositions to facilitate growth. The two
dElectronic mail: d.indjin@ee.leeds.ac.uk compositions may be GaAs andx,g(Bal_bes, wherex,, is
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FIG. 1. A schematic diagram of quasibound energy levels and associated e
wave functions squared for 1 1/2 periods of DG GaAgGa, sAs QCL: A
injector (8, 10, 11, 13, and )5active region4, 6, and 9, collector(1, 2, 3, =
5, and 7 and weakly localized-continuumlikg.2 and 14 levels. The layer
sequence of one period of structure, in nanometers, from the left- to the (b)

right-hand side starting from the injection barrier4s, 0.28,0.84 0.28, 10 15 20 25
0.84 0.28,0.84 0.28,0.84 0.56,0.56 0.56,0.56 0.84,0.28 3.08,0.28 J [kA/em’]
0.56,0.56 0.84,0.28 1.96,0.28 0.56,0.56 0.28,0.84 0.28,0.84 0.28,

0.84 2.88,1.7, 2.2,1.8 2.0, 2.0 2.2, 2.6, and 2.2. The normal script FIG. 2. (a) Electric field vs current density characteristicsTat 77 K and

denotes the wells, bold script; the barriers, and underscore; the doped rg—300 K in DG QCL (solid lines and TQW QCL(see Ref. 1p(dashed

gions, with a nominal donor sheet denshty=3.9x 10'* cm 2. The inset |ines). (b) Calculated modal gain vs current density dependence at cryogenic
shows the structure of the DG active region, together with the optimaland room temperatures for DG QGsolid lines and TQW QCL(see Ref.
smooth potential and cell-averaged potential used in the DG design. 10) (dashed lings The symbols are the calculated results and the lines

represent the least square fits used to derive the valugsTie horizontal

L. . dashed line denotes the total | ~30 cm Y).
the Al mole fraction in the barriers of the smooth structure,“2°"¢¢ 'ne denotes e fofa osse - aw em)

DG has already been used for approximate realization of

nonrectangular quantum wellQWs).2°=%" To find the DG layer sequence of the injector/collector is explained in the
structure that best approximates an optimized smooth oné&aption of Fig. 1.

the latter is first divided into segmentécells” ) of width In order to extract the output characteristic of the DG
Leer, With an integer multiple of crystalline monolayers QCL beyond the three-level approximation and compare it
(1 mi~=2.83 A). Depending on the average potentigl) in  With the recently realized GaAs/flsGay s:As TQW QCL,'°

ith cell, it is substituted by a well/barrier pair, their widths We performed a full self-consistent rate equation
L,(i) and Lu(i) being calculated as L,(i)/L, mModeling®?of the electron scattering transport within the

=N [U ()L aen/UpLol, andL (i) =L oo~ Lp(i), whereU,  15-level model of the QCE? From the self-consistent solu-
is the potential of the barrigthe well is taken to be GaAs, so tion, the population inversiomn;=ng—ng in the steady
the potential,,= 0 therein, L,=2.83 A, andN,,{...] de- state was obtained, and the modal gain was calculatedfrom
notes the nearest integer value. The method in fact rounds Amre? ng
the “local” potential to the nearest among the total lofy, Gu=——5—"—"—I(ng—ng)=gl'J, @
equispaced values, spanning the range betvgen 0 and 2ol 2¥gel-ph
Uy . Therefore, a smallL. may imply a larger rounding where\ is the laser emission wavelengthyg is the experi-
error for a finely sampled potential, while lardg,, gives  mental linewidth,n is the mode refractive index, is the
good reproduction of a coarsely sampled potential. In thevacuum dielectric permittivityl, is the length of one period
design of the DG active region, we made a systematic searckinjector+ active region), and’ is the modal overlap factor.
with L.e ranging from 2 to 12 ml. The best results were To extract the gain coefficient, one has to change the electric
obtained withL .¢;=4 ml andx,=0.44, and the structure is field (i.e. the applied voltageand calculate the modal gain
described in the caption of Fig. 1. Valueszgg=2.8 nm and and total current density. The gain coefficienfEq. (1)] is
E =640 ps & in a DG structure are quite near those in thethen obtained from linear interpolation do&(J). The
optimal smooth oné® threshold current densityy, is found from Gy, =gl'Jy,

In the next step, we designed a five QW injector/ =ay+ ay, Where ay and oy are the mirror and wave-
collector region, starting from the existing injector desfyn guide losses, respectively.
and modifying its parameters to match the new active region. The calculated electric field—current density characteris-
An important issue is also a proper choice of the injectiontics at 77 and 300 K for the DG QCL and TQW Q&lare
barrief which couples the active and injector parts. Itssimilar, Fig. 2a). A slower rise in the field at lower current
choice is subject to the usual compromise between uppatensities in the DG QCL is due to a slightly larger injection
laser level confinement.e., largezgg), small leakage into barrier (effective width therein, which is expected to de-
continuum, and sufficient overlap with injector states, hencegrease the=(J) slope’ At 77 K in both structures, around
rapid carrier transfer. In this process, we were guided by85% carriers in the injector populate its ground level 8, the
physical intuition relying on very careful inspection of wave rest being distributed over the upper levél®, 11, 13, and
functions and their overlap, because a formal optimization ofl5). Current saturation and negative differential resistivity
electron—electron scattering based carrier relaxation and theccur well above the threshold, when the field is high enough

Bragg confinement properties would be too involved. Theto misalign the ground injector and the upper laser states. At
Downloaded 10 Sep 2002 to 131.227.115.160. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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room temperature, up to 50% of the carriers are found to The authors are grateful to J. W. Cockburn and L. R.
populate the upper injector levels, hence, the smoatk&r  Wilson, University of Sheffield, for useful discussions. This
curve. The calculations for the TQW QCL are, thus, in goodwork is partially supported by EPSRC UK.
overall qualitative and quantitative agreement with
experiment?

Figure 2b) shows the modal gain versus current density
dependence for both QCLs at 77 and 300 K, calculated with
A=9.3 um, n=3.28, L,=45.3(45.0) nm, Fgs=12 meV 1J. Faist, F. Capasso, D. L. Sivco, A. L. Hutchinson, C. Sirtori, and A. Y.
(at T=77 K), 2y46=22 meV (at T=300 K)1° Following Cho, Science64, 553 (1994.

; : s R 2For a recent review see C. Gmachl, F. Capasso, D. L. Sivco, and A. Y.
Eq. (1), we can derive the gain coefficiegtby dividing the Cho, Rep. Prog. Phy$4, 1533(2001), and references therein.

. ! _ 48
slope of the linear fit bY_ the overlap factbr=0.42"" For 3J. Faist, M. Beck, D. Hofstetter, and M. RochBtpceedings of the SPIE
the TQW QCL, we obtaig~11 cm/kA atT=77 K andg Photonic West, San Jose, CA,~2% January 2002SPIE, Bellingham,
~5 cm/kA atT=300 K. From the intersection points of the WA, 2002, p. 113.

i i ~ —1 4C. Sirtori, P. Kruck, S. Barbieri, P. Collot, J. Nagle, M. Beck, J. Faist, and
experimenta!" total loss line ay+ ay~30 cnm ! and the U. Oesterle. Appl. Phys. Let?3, 3486(1998.

Gwm(J) lines, for TQW QCL, we obtain the threshold current sp_ ek, H. Page, C. Sirtori, S. Barbieri, M. Stellmacher, and J. Nagle,
Jn~6kAlcnm? at T=77 K and J;~17 kAlcn? at T Appl. Phys. Lett.76, 3340(2000.
=300 K. Bothg andJy, for the TQW QCL are in very good Gg- ﬁ;eckiﬂ C. ?jirgor'ii HI- P:gel, gh Glal_s;rtg,4\gs?2rgéb X. Marcadet, M.
: ; tellmacher, and J. Nagle, Appl. Phys. , .
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